A major shortcoming to plasmid-based genetic tools is the necessity of using antibiotics to ensure plasmid maintenance. While selectable markers are very powerful, their use is not always practical, such as during in vivo models of bacterial infection. During previous studies, it was noted that the uncharacterized LAC-p01 plasmid in Staphylococcus aureus USA300 isolates was stable in the absence of a known selection and therefore could serve as a platform for new genetic tools for Staphylococcus species. LAC-p01 was genetically manipulated into an Escherichia coli-S. aureus shuttle vector that remained stable for at least 100 generations without antibiotic selection. The double-and single-stranded (dso and sso) origins were identified and found to be essential for plasmid replication and maintenance, respectively. In contrast, deletion analyses revealed that none of the four LACp01 predicted open reading frames were necessary for stability. Subsequent to this, the shuttle vector was used as a platform to generate two plasmids. The first plasmid, pKK22, contains all genes native to the plasmid for use in S. aureus USA300 strains, while the second, pKK30, lacks the four predicted open reading frames for use in non-USA300 isolates. pKK30 was also determined to be stable in Staphylococcus epidermidis. Moreover, pKK22 was maintained for 7 days postinoculation during a murine model of S. aureus systemic infection and successfully complemented an hla mutant in a dermonecrosis model. These plasmids that eliminate the need for antibiotics during both in vitro and in vivo experiments are powerful new tools for studies of Staphylococcus.
F
or decades, bacterial plasmids have been a mainstay of bacterial genetics. They are used for a variety of techniques, including the reintroduction of DNA back into cells for in trans genetic complementation, induction or control of protein expression, and the generation of both transcriptional and translational gene expression reporter systems. For all of these studies, it is essential that the entire bacterial population retains the plasmid to ensure the same behavior of each cell present in the culture to yield accurate and consistent results. To accomplish this, plasmid-encoded antibiotic resistance cassettes are used in conjunction with antibiotic supplementation to inhibit or kill any bacteria lacking the plasmid, ensuring plasmid maintenance. The use of antibiotics, however, presents certain drawbacks, and it is often believed that resistant cells are unaffected by the antibiotics present. This is certainly not the case, as it has been well documented that antibiotics lead to many changes to cells even at subinhibitory levels (1-7; reviewed in references 8 and 9) . This is particularly true in the case of antibiotic resistance mechanisms that do not lead to antibiotic degradation but instead are either the result of antibiotic efflux away from the antibiotic's target or the result of a mutated protein that no longer interacts with the antibiotic. Additionally, a growing body of literature has demonstrated that these antibiotic-resistant protein variants come with a fitness or functional cost and can have adverse effects (reviewed in references [10] [11] [12] . Finally, there are times when antibiotic use is difficult or ineffective, including (i) long-term experiments where antibiotics degrade spontaneously due to light or temperature sensitivity or as a result of enzymatic inactivation of the antibiotic and (ii) environments where antibiotic delivery is difficult, such as during ex vivo experiments or during animal models of infection.
As is the case with many bacteria, plasmid-based genetic tools have greatly enhanced in vitro studies of Staphylococcus aureus.
Plasmids within S. aureus can replicate through either theta or rolling-circle replication (RCR). Many of the genetic tools used when studying S. aureus make use of RCR plasmids that are often derived from the naturally occurring pE194 and pT181 plasmids (13) . The RCR mechanism of plasmid replication involves the binding of a Rep protein to the plasmid double-stranded origin (dso) and the generation of a single-stranded DNA intermediate that is then converted into a double-stranded DNA molecule (reviewed in reference 14) . Unfortunately, much like plasmids in other bacteria, S. aureus plasmids can be inherently unstable without antibiotic selection. Indeed, this instability is a key component to existing allelic-exchange plasmids (15) (16) (17) (18) . Plasmid instability has hampered many studies of S. aureus, particularly during immune-cell interaction studies and in vivo models of infection, where antibiotic treatment is difficult or impossible. Some have suggested feeding antibiotics to animals to encourage plasmid maintenance during infection studies, but it is not clear if antibiotics will reach or maintain selective levels at all infection sites over the course of in vivo studies. Such treatment would likely change the natural microbiota of the animal and may confound results. Lastly, some antibiotics do not traverse host cell membranes or remain ineffective in eukaryotic cells and therefore do not allow for plasmid maintenance of intracellular bacteria during phagocytosis studies (19) (20) (21) (22) (23) . Indeed, the impermeability of host cells to certain antibiotics is the rationale for using gentamicin to kill extracellular bacteria during phagocytosis experiments (23) .
As an alternative to plasmid use, and to circumvent plasmid stability issues, several tools have been generated to integrate plasmids into the S. aureus chromosome at specific sites. These theoretically neutral sites include the lipase-encoding geh gene (24) , phage integration sites (24) , and the SaPI1 pathogenicity island (25) . While integration into geh provides an easy screen, i.e., loss of lipase activity, this technique inactivates lipase, which has been implicated in virulence (26) . Insertion into phage integration sites replaces the phage in strains that contain them, and some phages have been shown to play a role in virulence (27, 28) . A common feature of all of these integration systems is that they generally involve integration into the chromosome of the highly mutagenized strain RN4220, since it readily accepts DNA from Escherichia coli. Once integrated into RN4220, the desired DNA fragments are then transduced into the target strain of interest. However, phage can move tens of thousands of base pairs of DNA. Any of this DNA can then be readily incorporated into the target strain genome, leading to possible unknown gene and nucleotide changes.
Here we describe the construction of plasmids based on the naturally occurring S. aureus plasmid LAC-p01 that maintain stability in Staphylococcus cells in the absence of antibiotic pressure. Furthermore, we have demonstrated that these plasmids are stable during infection in a murine model of S. aureus sepsis and dermonecrosis.
MATERIALS AND METHODS
Strains and media. E. coli DH5␣ and DH5␣pir (for R6K␥ origin) (29) were utilized for plasmid construction and were grown in lysogeny broth (LB) medium supplemented with ampicillin (100 g ml Ϫ1 ) or tryptic soy broth (TSB) medium with trimethoprim (Tmp) (10 g ml Ϫ1 ) as needed for selection. S. aureus strains (Table 1) were grown in TSB supplemented with trimethoprim (10 g ml Ϫ1 ) as needed. Reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Hanover Park, IL). Molecular genetic techniques. Restriction enzymes and T4 DNA ligase were purchased from New England BioLabs (Beverly, MA). Oligonucleotides were synthesized by IDT DNA Technologies (Coralville, IA). PCR was performed with an Applied Biosystems GeneAmp PCR system 9700 (Life Technologies, Carlsbad, CA) using KOD DNA polymerase (Novagen, Madison, WI). PCR products were purified using a ZymoResearch (Orange, CA) DNA Clean & Concentrator-5 kit or a Zymoclean gel DNA recovery kit. PCR products were sequenced by ACGT, Inc. (Wheeling, IL), to ensure that no unintended changes occurred during cloning. Sequencing results were analyzed using Vector NTI (Invitrogen, Carlsbad, CA).
Construction of pKK1 and its derivatives. Plasmid construction details are found in Table 1 . First, the P cad promoter region was removed from pCN51 by digestion with SphI and PstI, treatment with Klenow fragment, and self-ligation of the product. The resulting plasmid, pJB127, has the pCN51 multiple-cloning site (MCS) upstream from the blaZ transcriptional terminator (blaZTT). The P sarAP1 ::dfrA trimethoprim resistance cassette of pJB178 was amplified by PCR, and the resulting product was digested with EcoRI and AscI, followed by ligation into the same sites of pJB127 such that the blaZ terminator serves to prevent readthrough from P sarAP1 . The resulting plasmid was designated pJB1000. Next, the R6K␥ origin of replication was amplified from pJB178; the PCR product was digested with SalI and EcoRI and ligated into the same sites of pJB1000 to generate pJB1001. Finally, the R6K␥-P sarAP1 ::dfrA-blaZTT module was amplified by PCR from pJB1001 and ligated into EcoRVdigested LAC-p01 to create pKK1.
All deletion versions of pKK1 were generated using PCR as previously described (16, 30, 31) . For example, in order to delete open reading frame 2 (ORF2), primers were designed 5= and 3= to ORF2 such that PCR around the entire pKK1 plasmid would remove ORF2. The primers each contained an XhoI restriction site, and the PCR product was digested with XhoI and self-ligated to produce the new plasmid. Following ligation, the product was cleaned using the ZymoResearch Clean & Concentrator-5 kit and treated with DpnI to remove any remaining original plasmid template. All plasmids were confirmed by restriction digest and gel electrophoresis prior to electroporation into RN4220. In addition, most plasmids were completely sequenced to confirm sequences.
Using dialyzed pKK22 or pKK30 isolated from RN4220, plasmids were transferred into S. aureus JE2 or Staphylococcus epidermidis 1457 electrocompetent cells, respectively, using a Bio-Rad (Hercules, CA) GenePulser Xcell by following the manufacturer's recommended settings for S. aureus.
Plasmid copy number determination. In order to determine the copy number of pKK22, quantitative PCR (qPCR) was used to amplify a 131-bp region overlapping P sarAP1 and the beginning of the dfrA gene. The pKK22 results were compared to those of a JE2 derivative (provided by Ken Bayles, University of Nebraska Medical Center) that contains this same cassette integrated in the chromosome. As a negative control, the JE2 wildtype strain was included in the experiment. Genomic DNA was isolated from all three strains grown to exponential phase (3 h) in TSB using a Wizard genomic DNA purification kit (Promega, Madison, WI) according to the manufacturer's instructions for Gram-positive bacteria with the slight modification of lysing bacterial pellets using 20 g of lysostaphin. Following this, 100 pg of total genomic DNA was used to amplify the P sarAP1 -dfrA region using primer pair JBKU45 and JBKU46 with FastStart essential DNA green master mix in a LightCycler 96 system (Roche).
As a second method to quantify plasmid copy number, the same strains as those described above were grown to exponential phase and standardized to the equivalent of 10 optical density units (ODs) of cells in 500 l of Tris-EDTA buffer. Then, cells were lysed using a Fast-Prep-24 5G instrument (MP Biomedicals) according to manufacturer's recommended settings for S. aureus. Cell debris was subsequently pelleted at 21,000 ϫ g for 5 min. Supernatants were diluted 50-fold and used for PCR , erythromycin resistance; dfrA, trimethoprim resistance. CA-MRSA, community-associated, methicillin-resistant S. aureus. Oligonucleotide sequences are provided in the 5=-3= orientation. Lowercase italics indicate nonhomologous sequences added for cloning purposes. "P" indicates the addition of a 5= phosphate. as described above. For both experiments, two independent experiments were performed, each with three biological replicates.
Plasmid stability assays. Two types of stability assays were performed. The initial assays maintained the cultures in continuous exponential phase. To achieve this, overnight cultures grown in TSB with antibiotic were diluted to an A 600 of 0.1 in 12.5 ml TSB with antibiotic in 125-ml flasks. Cultures were grown at 37°C with shaking (250 rpm) until midexponential phase (A 600 ϭ 1.0 to 2.0) and diluted 1 ϫ 10 9 in TSB without antibiotics (designated generation 0). The cultures were diluted twice daily (1 ϫ 10 4 in morning and 1 ϫ 10 7 in afternoon) to maintain the cells in continuous exponential phase (A 600 Յ 2.0) of growth. At each dilution, the optical density was determined and, when combined with the dilution factor, it was used to determine the number of generations that had occurred. At regular intervals, the cultures were streaked for isolated colonies on tryptic soy agar (TSA) plates and incubated overnight at 37°C, and the resulting colonies were transferred onto TSA with Tmp. Following incubation, the percentage of colonies that were Tmp resistant was determined.
A similar assay was used for noncontinuous exponential-phase testing. In the morning, the A 600 was determined from overnight cultures grown in TSB with Tmp, and the cultures were diluted 1 ϫ 10 4 into 12.5 ml TSB in 125-ml flasks (generation 0). The cultures were grown at 37°C with shaking (250 rpm) until late afternoon, at which point the A 600 was determined again, and the cultures were diluted 1 ϫ 10 7 into 12.5 ml TSB and incubated overnight at 37°C with shaking (250 rpm). This process was continued for 2 additional days. The number of generations passed was determined using the A 600 taken at each dilution and factoring in the dilution factor. The morning cultures were streaked for isolated colonies on TSA and incubated overnight at 37°C, and the resulting colonies were transferred to TSA supplemented with Tmp. The percentage of resistant colonies was indicative of the presence of the plasmid and, therefore, plasmid stability. In some assays, random colonies were chosen and confirmed to have the plasmid by plasmid isolation and gel electrophoresis following restriction digestion. This also ensured that the plasmids had not undergone any structural changes during these long-term assays.
In vivo stability. Stability assays during the murine sepsis infection model were performed using 8-week-old C57BL/6 mice (Jackson Laboratories). All mice were infected via retro-orbital injection with 4 ϫ 10 7 CFU of JE2 harboring pKK22. At 3 or 7 days postinfection, mice were humanely euthanized, and kidneys were harvested. Kidney pairs were homogenized in lysing matrix H tubes (MP Biomedicals, Santa Ana, CA) containing phosphate-buffered saline (PBS) using a Fast-Prep-24 5G instrument (MP Biomedicals) according to the manufacturer's recommended settings for mouse kidneys. Subsequent homogenates were serially diluted in PBS containing 0.1% Triton X-100 and plated on TSA. Following overnight incubation, 100 colonies from each mouse were passaged onto TSA containing 10 g ml Ϫ1 trimethoprim in order to screen for plasmid retention. Additionally, random colonies from each mouse were screened for the existence of pKK22. This was performed by isolating plasmid DNA, digesting the preparation with PstI to linearize pKK22, and viewing by DNA gel electrophoresis. These studies were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (32) . This protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Kansas Medical Center.
Mouse model of skin infection. Animal work was conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals (32) , and the protocol was approved by the University of New Mexico Health Sciences Center Institutional Animal Care and Use Committee. A murine model of dermonecrosis was performed as previously described (33) . Briefly, 8-week-old female SKH1 mice (Charles River Laboratories, Wilmington, MA) were anesthetized with isoflurane and inoculated via subcutaneous injection in the right flank with ϳ4.7 ϫ 10 7 CFU of S. aureus. Mice were weighed daily, and infection sites were photographed for ImageJ analysis (34) of the dermonecrosis area. Mice were euthanized by CO 2 asphyxiation on day 3 postinfection, a 2.25-cm 2 area of skin surrounding the site of infection was excised and homogenized, and serial dilutions were plated on sheep blood agar to determine the number of CFU.
Resource sharing. One goal of this project was to construct usable plasmids to be made available for the scientific community. To this end, the DH5␣pir strain and a methylation-deficient (both dam-and dcmnegative) GM2163pir host E. coli strain as well as pKK22 and pKK30 are available through BEI Resources. In addition, plasmid maps and sequence files can be found at bosemicrolab.com. Accession number(s). The sequences of pKK22 (accession no. KX085042) and pKK30 (accession no. KX085043) have been deposited in GenBank.
RESULTS
Construction of pKK1. LAC-p01 (identical to pUSA01 in sequenced strain FPR3757 [accession number NC_007790]) is found in many S. aureus USA300 isolates and has high sequence conservation among these strains (35) . This 3.1-kb plasmid is predicted to encode a replication protein and four hypothetical proteins of unknown function; hence, it is commonly called the "cryptic" plasmid ( Fig. 1) . During other studies using a derivative of the strain LAC, we noted that the plasmid LAC-p01 was extremely stable without any known selection. Indeed, LAC-p01 remained in a strain that had undergone six rounds of targeted mutagenesis, a procedure requiring many generations of growth (data not shown). Thus, in our hands, LAC-p01 appeared to be extremely stable despite lacking any known selection. With the goal of developing LAC-p01 into a potential usable stable plasmid system, we first sought to determine if LAC-p01 was as stable as our previous studies suggested. Since LAC-p01 lacks any means of selection for tracking, and genetic manipulation of plasmids is difficult in S. aureus, we first converted LAC-p01 into a tractable plasmid. To this end, we developed a module containing three elements: (i) an R6K␥ origin of replication to allow maintenance and manipulation in E. coli, (ii) an antibiotic resistance cassette consisting of the dfrA gene under the control of the sarA P1 promoter that uniquely allows for selection on trimethoprim in both E. coli and Staphylococcus species, and (iii) the blaZ transcriptional terminator (blaZTT) to prevent transcriptional readout from the module. This entire module is 1,507 bp, which keeps the final plasmid relatively small (4.6 kb) to facilitate genetic manipulation and transfer between bacteria.
Relatively little is known about the architecture of LAC-p01, and this plasmid has very few unique restriction endonuclease recognition sites in nonpredicted genes. A unique EcoRV site between the gene annotated to encode the Rep protein and putative ORF2 was chosen because (i) it is predicted to be intergenic, (ii) it is far enough upstream (209 bp) of ORF2 to possibly lie upstream of any predicted promoter element, and (iii) RNA sequencing (RNA-seq) data indicated that this site was either not in a predicted expressed RNA or of minimal chance to be on the extreme 3= end of an RNA antisense to ORF2 and ORF3 (36) . Therefore, the R6K␥-P sarAP1 ::dfrA-blaZTT module was cloned into the EcoRV site of LAC-p01, resulting in pKK1.
pKK1 is stable in vitro. Since the presence of dfrA in pKK1 allows for tracking the plasmid easily, in contrast to its parent LAC-p01, we performed plasmid stability assays to determine if pKK1 was as stable as we hypothesized. In one set of experiments, RN4220 harboring pKK1 was kept in continuous exponential phase for approximately 120 generations by performing serial di-lutions twice daily. As shown in Fig. S1 in the supplemental material, pKK1 was found to be 100% stable over the course of the experiment. In an alternate procedure, the cultures were allowed to enter stationary phase and then were diluted and allowed to regrow to stationary phase. This process was continued for approximately 100 generations. Again, pKK1 was found to be maintained in 100% of cells ( Fig. 2A) . Due to the ease of performing the second experiment, it was chosen as the standard stability test moving forward. In total, pKK1 has been checked in 4 experiments consisting of 12 independent cultures and over 2,200 colonies screened. Only 2 colonies have been identified to have lost pKK1 from a single experiment. In these assays, the cells are grown nonselectively on TSA plates prior to transfer to plates containing trimethoprim. Consequently, the number of generations calculated is a conservative estimate of the number of generations taking place since replication on the TSA plate is not considered in the calculation.
Identification of essential elements for pKK1 replication and plasmid copy number. Considering the stability of pKK1, we sought to further develop this plasmid into a genetic tool by removing unnecessary DNA to find the minimal genetic elements required to retain plasmid stability. However, as mentioned above, LAC-p01 has not been characterized. Despite this, it is known that RCR plasmids normally have several critical features necessary for replication: a gene encoding a Rep protein, a doublestranded origin (dso), and typically one single-stranded origin (sso) (reviewed in reference 14).
The dso of RCR plasmids can vary greatly but consist of an initiation region containing a nic site (14, 37) . We identified a region of LAC-p01 (TTTCTTCTTGTCTTG/ATACTA, bp 2951 to 2971, with a backslash indicating the nic site) with a 15/20 (38) or 15/18 match (39) to the pC194 dso initiation region and with 17/18 nucleotides (nt) identical to the pST1 nic region (39, 40) . The dso should be essential for plasmid replication, and therefore deletion of this region would yield a plasmid that cannot replicate in S. aureus. Thus, a 40-bp region starting with and including the sequence indicated above was deleted in pKK1. As expected, construction of this plasmid in E. coli was successful. Consistent with the prediction that this region is essential for replication in S. aureus, we were unable to transfer this plasmid into RN4220.
RCR plasmids typically have a single sso, and previous studies have identified a canonical sequence found in the ssoA class of single-strand origins. The ssoA consists of a long (ϳ150-nt), single stem-loop with several bulges and contains the recombination site B (RS B , TTTATGCCGTGAAA) at the base of the stem of the hairpin and a 6-nt consensus sequence (CS-6, TAGCGT) in the terminal loop (14, (41) (42) (43) . LAC-p01 contains a 13/14 bp match (TT TATGCCGaGAAA) to the canonical RS B from nt 1932 to 1945 and a perfect CS-6 (nt 1999 to 2004) between predicted ORF3 and ORF4. Based on mfold analysis (44) (45) (46) , the region identified is predicted to be part of a large stem-loop (see Fig. S2 in the supplemental material) similar to the suggested structure of ssoA regions in similar RCR plasmids (42) . Considering the conservation of these sites in other RCR plasmids, we predicted that nt 1930 to 2088 constitute the LAC-p01 sso. Previous studies have demonstrated that deletion of the sso in the RCR plasmid pT181 led to plasmid instability in the absence of antibiotic pressure (47) . Therefore, this region was specifically deleted in pKK1. As expected, the resulting plasmid, pKK15, was found to be unstable in S. aureus in the absence of trimethoprim (Fig. 2B) . Even at the initial point of transfer to TSB lacking trimethoprim, only 85% of cells were found to have pKK15. Since these cells were grown in trimethoprim until this dilution event, the loss of plasmid likely occurred following plating onto the nonselective TSA plates, resulting in a colony lacking the plasmid. Based on the results of these studies, we have identified regions of LAC-p01 consistent with known sequence and phenotypes associated with dso and sso (Fig. 1) .
Often, low-copy-number plasmids are preferred for use since expression from high-copy-number plasmids can have deleterious effects. Therefore, we sought to determine the copy number of our pKK plasmids. To this end, we used qPCR for the P sarAP1 -dfrA cassette of pKK22 (described below and shown in Fig. 1 ) and compared it to the same cassette found integrated in the S. aureus chromosome. Determining copy number can be problematic, since different methodologies provide differing results (48) . Therefore, we used two methods to isolate DNA in order to determine the copy number of pKK22. The use of a genomic DNA extraction kit resulted in a copy number determination of 6 copies per chromosome, while simply using extracts from cells treated with a cell disruptor yielded a result of 10 copies per chromosome.
Putative ORFs are not required for stability. The original LAC-p01 plasmid has been annotated to contain four predicted open reading frames (ORF2, ORF3, ORF4, and ORF5) (Fig. 1) thought to encode hypothetical proteins of unknown function. Considering the unknown function of these predicted proteins, we sought to determine if deletion of any of these predicted genes would alter plasmid stability. To this end, deletions either singly or in combination were made of ORF2, ORF3, ORF4, and ORF5. We did observe an occasional cell having lost the plasmid at the endpoint of the experiment (70 to 113 generations) ( Table 2) . However, even in the worst case [pKK7 (⌬ORF2)], only 3 colonies out of 150 (2%) screened were found to have lost the plasmid, and no plasmid loss was observed from this same plasmid in additional experiments. In addition, this was after an overnight incubation on TSA without antibiotic prior to screening on TSA with trimethoprim, and therefore the plasmid may have been retained prior to this growth step, which does not account for the generations when growing on a plate. Even pKK17 (⌬ORF2-3,4-5), which contains a deletion in all of the hypothetical ORFs, was found to be stable out to ϳ100 generations without antibiotic selection. These studies demonstrate that none of the predicted open reading frames in pKK1 play a role in plasmid stability.
Generation of USA300-specific and general-use plasmids.
One goal of this study was to generate plasmids that would be useful in S. aureus isolates of different lineages. LAC-p01 is natively found in many USA300 isolates. Since these plasmids are constructed from LAC-p01, it is expected that the introduction of these LAC-p01 derivatives into strains carrying the original plasmid would lead to loss of that plasmid. Indeed, this was the basis for how LAC was cured of LAC-p01 to generate JE2, which is LAC devoid of all plasmids (49) . Thus, the use of pKK1 is appropriate for USA300 strains that normally harbor LAC-p01 and would render the strains isogenic. However, many S. aureus strains do not normally contain LAC-p01, and the introduction of pKK1 would introduce ORF2 to ORF5, which, while of unknown function, introduces genes not native to these S. aureus isolates. Therefore, it was important to produce two plasmids, one for use in LAC-p01-harboring strains and one for bacteria that do not contain this plasmid. In addition, while the addition of the E. coli origin and trimethoprim resistance cassette was a necessary improvement to LAC-p01, the plasmids needed modifying in order to increase their usefulness. To this end, a multiple-cloning site (MCS) flanked by the atl transcription terminator was added to pKK1 to facilitate cloning. The terminator was added so that transcripts cloned into the MCS would not extend into other parts of the plasmid. A BamHI site existing between P sarAP1 and drfA was removed to make it available in the MCS. The resulting plasmids, pKK22 (for LAC-p01-containing strains) and pKK30 (lacking ORF2, ORF3, ORF4, and ORF5; for other strains), contain an MCS flanked by the atl and blaZ transcriptional terminators ( Fig.  1 and 3) . These plasmids were checked to ensure that those alterations did not affect plasmid stability. As shown in Table 3 , both pKK22 and pKK30 were found to be stable out to ϳ100 generations without antibiotic selection. For each plasmid, only a single colony examined appeared to have lost the plasmid and only in a single experiment. It would be expected that a plasmid that replicated in S. aureus would also function in other Staphylococcus species. To test this, pKK30 was transferred into S. epidermidis 1457 and tested for stability. As shown in Table 3 , pKK30 was stable in S. epidermidis for at least 100 generations. This strain contains a native Ͼ10-kb plasmid and was confirmed to be present along with pKK30 at the end of a 100-generation experiment, demonstrating that there is not a compatibility issue between these two plasmids.
Prior to testing during animal models of infection, we wanted to ensure that the plasmid did not have adverse effects on the cells. To test this, the growth kinetics of JE2 (no plasmid), LAC-13C (JE2 harboring LAC-p01), and JE2 harboring pKK22 were compared. As shown in Fig. 4 , we observed similar levels of growth for these strains. In vivo stability of pKK22. While developing a stable plasmid for in vitro work was important, it was the ultimate goal to generate a plasmid that would be stable within S. aureus during in vivo models of infection. To this end, pKK22 was transferred into the USA300 LAC derivative JE2 and mice were inoculated via retroorbital injection with this strain. Following infection, bacteria were isolated from the kidneys at 3 or 7 days postinoculation and screened for trimethoprim resistance, indicative of the presence of pKK22. As shown in Table 4 , all 800 colonies screened from 8 independently infected mice 3 days postinoculation maintained the plasmid. The same result was observed for 700 colonies after 7 days of infection. At each time point, random colonies were chosen and plasmid DNA was isolated and found to contain pKK22 following restriction enzyme digestion and gel electrophoresis (data not shown). This stability was observed in a second experiment in which 600 colonies from six independently infected mice were examined. As with the first experiment, random colonies from day 7 postinfection were confirmed to contain pKK22 by restriction digestion (data not shown). Importantly, no structural changes in the plasmid were observed following isolation from the host in any experiment. Furthermore, sequencing of pKK22 from randomly chosen isolates showed no difference from pKK22 prior to animal infection. Based on these results, pKK22 is a plasmid which maintains stability in the absence of antibiotics during in vitro experiments and at least over a 7-day course of in vivo infection.
Complementation of an hla mutant. While our data demonstrate that pKK plasmids are stable in vivo, we sought to demonstrate a utility for the pKK plasmids. To this end, we cloned the hla gene and its native promoter into pKK22. The ␣-hemolysin toxin encoded by hla is essential for necrosis in murine models of S. aureus skin infection (50) . As such, we expected that this new construct would complement an hla mutant in vivo. Over the course of a 3-day skin infection, mice infected with an hla isogenic deletion mutant showed no dermonecrosis ( Fig. 5A and B) , reduced weight loss (a measure of morbidity) (Fig. 5C) , and increased bacterial clearance (Fig. 5D ) compared to mice infected with the wild-type isolate. As expected, infection with the hla isogenic mutant carrying hla borne on the pKK22 plasmid restored dermonecrosis, weight loss, and bacterial burden to levels consistent with those caused by the wild-type isolate (Fig. 5A to D) . Along with the stability results in the murine sepsis model, these data demonstrate that pKK22 can be used in vivo without the requirement of antibiotic addition.
DISCUSSION
The ability to provide genes for complementation or reporter constructs on plasmids during an in vivo model of infection is an important tool in studying bacterial pathogenesis. Here we described the generation of such a plasmid and have shown that it remains stable during in vitro growth in S. aureus and S. epidermidis without the need of antibiotic pressure. Moreover, the plasmid was stably maintained in S. aureus during an in vivo infection model. The construction of these plasmids represents an important step forward in the genetic tools available to the staphylococcal research community.
An important aspect of studying bacterial pathogens is the ability to provide genes for complementation of mutant strains, expression of mRNA and proteins under nonnative promoters, or expression of transcriptional and translational reporter systems.
Plasmid-based systems are often a mainstay of bacterial genetics, since they are easy to produce and transfer between cells. They can also be used for overexpression or to increase the output from low-level transcripts, since they most often exist in many copies per cell. However, most plasmids are inherently lost without antibiotic pressure. To overcome this hurdle, several techniques are currently available to provide these genetic constructs at nonnative sites within the chromosome. Once integrated into the chromosome, these systems are stable without the necessity of antibiotics; however, these techniques are hampered by the necessity of moving genetic constructs into theoretically neutral sites and locations of convenience such as phage integration sites. Unfortunately, these locations are generally not neutral and lead to the inactivation or replacement of phage or genes having been shown to play a role in virulence (26) (27) (28) . Furthermore, these techniques are often performed in the mutagenized strain RN4220, since it readily accepts E. coli DNA, at which point the integrated DNA is mobilized into a target strain by transduction. However, phage can move tens of thousands of base pairs of DNA, leading to unknown transferred mutations due to sequence difference between strains. The pKK plasmids generated here provide the benefit of plasmids (ease of use and transfer) and the stability often desired in chromosome cassettes (antibiotic pressure not needed).
One concern when using plasmid-based genetic systems is plasmid origin incompatibility. Indeed, it is well documented that bacteria do not maintain plasmids with identical or similar origins of replication and that this incompatibility can be used to group plasmids. Therefore, the appropriate pKK plasmid needs to be chosen depending on the strain used. Any of the pKK plasmids will replace the existing 3.1-kb plasmids LAC-p01, pUSA01, and sequence-identical plasmids found in S. aureus USA300 isolates. In this case, pKK22 should be used, as it contains all of the genes of the original plasmid. It is recommended that, following transfer, cells be plated on medium containing trimethoprim and then replated on the same medium to ensure that the cells keep pKK22 and not the native plasmid, since competition will occur between the two plasmids. Indeed, while transferring pKK22 into AH1263 (LAC strain harboring LAC-p01), we identified colonies during screening which had both plasmids. Several additional streaks on Tmp were sufficient to exclude LAC-p01 from the cells. For bacteria not containing LAC-p01, pKK30 should be chosen so as not to bring additional genes (ORF2 to ORF5) into the strain. For other bacteria, known native plasmids should be confirmed once pKK30 has been introduced. Of note, S. epidermidis 1457 contains a Ͼ10-kb plasmid, and no compatibility issues were identified with pKK30, as both were present at the end of the experiment. Regarding other commonly used S. aureus plasmids, in previous studies we have been able to stably maintain plasmids with pT181, pE194, pC194, and pE194ts origins along with the original LAC-p01 plasmid (30, 31) . In addition, we have observed no compatibility issues with pLI50, which contains the pUB110 origin of replication (not shown). Thus, the pKK plasmids are compatible with the major origins commonly used for S. aureus genetic manipulation.
Plasmids used for genetic manipulation of bacteria, including S. aureus, have unpredictable stability and thus are typically used with continuous antibiotic pressure. This has been circumvented in other plasmid systems by the addition of essential genes on the plasmid (51) (52) (53) . While this approach is useful, these tools generally require a mutated host strain to make the plasmid-borne gene essential, narrowing the number of strains in which the plasmids are maintained. Outside of genetic engineering of plasmids, some naturally occurring plasmids have evolved to have addiction modules, e.g., toxin-antitoxin systems, which ensure plasmid maintenance by killing daughter cells that do not receive the plasmid. In other cases, such as LAC-p01, it is uncertain as to why the plasmids have been maintained without a known selection or function. Indeed, it was expected that we would identify a stability system on LAC-p01 that would account for its remarkable stability. However, with the exception of deletion of the sso, we did not find a region of the plasmid that was necessary for plasmid stability. While only the annotated hypothetical ORFs were targeted for deletion and analysis, it is possible that a nonpredicted ORF or unknown RNA on LAC-p01 plays an unidentified role in stability.
The construction of plasmids that are retained without antibiotic selection represents an important step forward in studies of human pathogens. These plasmids eliminate the need for antibiotics during experiments, thus removing the unintentional consequences that antibiotics have on cells. In addition, stable plasmids provide a resource for studies in which antibiotic selection is difficult, such as long-term studies where antibiotics degrade or during experiments of bacterial internalization by host cells that are impermeable to many antibiotics. Finally, one of the most challenging cases where plasmid stability limits research studies is during in vivo models of infection. While some Staphylococcus plasmids may be well maintained during short-term experiments, there are few options available for long-term studies. There are several reports of plasmids that are stable (Ն90%) for 60 generations in vitro for Staphylococcus carnosus (54) (55) (56) and S. aureus (54) ; however, this is the first report of a genetically tractable plasmid shown to be stably maintained during both long-term in vitro and in vivo experiments without antibiotic pressure. The creation of the pKK plasmids described here provides a valuable new genetic resource for studies of Staphylococcus species.
